Fresh, centimetre-sized glass pieces of popping rock 2πD43 sample (Bougault et al., 1988; Sarda and Graham, 1990; Javoy and Pineau, 1991; Moreira et al., 1998) were selected. This basaltic glass sample from the Mid-Atlantic Ridge (around 14 °N) has a huge vesicularity, around 16 % (Sarda and Graham, 1990) , and so is very rich in noble gases, making it the best sample to test a protocol for accumulating xenon.
If the 20 Ne/ 22 Ne ratio was higher than 11.8, then Ar, Kr and Xe trapped on the trap 1 were released from the trap and retrapped on the trap 2 ( Figure S-7) . Otherwise, Ar, Kr and Xe were pumped. As shown in Figure S-1, this limit allows keeping noncontaminated xenon due to the curvature of the hyperbola, a plateau is reached for low 20 Ne/ 22 Ne values. However, this limit is too low for argon due to the inverse hyperbola curvature (Fig. S-1 ) and so argon should show more air contamination, which is the case (Table S-2).
In total, 22 crush steps were conducted and Ar, Kr and Xe were kept on trap 2 for 9 steps (trap 2 remained 25 days in static in total).
Then the setting with the two traps (Trap 1 and 2) was connected to the Noblesse (Nu Instruments) vacuum line for analysis of the accumulated Ar, Kr and Xe. Indeed, the xenon sensitivity on the Noblesse mass spectrometer (8.29 (± 0.35) x10 -16 cc/cps) is more than three times better than that of the Helix SFT. The accumulated gas was analysed the 37 th day after starting the accumulation protocol. An air standard was used to calibrate sensitivities on the Noblesse mass spectrometer, of which a pipette of 0.410 cm 3 is taken from a 1 L reservoir each time. This air standard was prepared introducing 0.410 cm 3 of air in this 1 L reservoir.
As explained in Moreira et al. (2018) , data are processed with our home-made software in Matlab©, which in particular allows to interpolate each isotope to the reference isotope for the elements that are analysed in peak-jumping mode (this is the case for Kr and Xe).
The measured accumulated Ar, Kr and Xe were corrected in Tables S-1 and S-2 for the line blank (the blank was less than 1 % for Ar, Kr and Xe). The data was not corrected for a blank of 37 days. But as discussed in the main text, the high 129 Xe/ 130 Xe ratio of 7. 41 ± 0.03 (1σ) shows that the blank is very limited if one considered that the mantle 129 Xe/ 130 Xe ratio is 7.6, based on popping rock data (Moreira et al., 1998) (Fig. S-1 ). To take into account this small atmospheric contamination, the measured xenon isotopic ratios were corrected by extrapolation to a 129 Xe/ 130 Xe ratio of 7.6 (Table S-1).
The new protocol to measure non-contaminated mantle xenon and krypton appears to be very efficient, since the 129 Xe/ 130 Xe ratio is very high and also because the new data fall on the same mixing line as defined by mantle-derived samples, among the highest values measured so far ( Fig. S-2 ).
Calculation of the 131-136 Xe/ 130 Xe ratios in the mantle before xenon recycling This calculation aims at determining a range for the fissiogenic xenon isotopic ratios ( 131-132-134-136 Xe/ 130 Xe) in the mantle before air recycling via subduction and a limit on the weighted average age of atmosphere recycling. This is complicated by the fact that the xenon isotopic composition of the atmosphere seems to have changed over time, becoming more enriched in heavy xenon isotopes compared to the starting composition (Pujol et al., 2011; Avice et al., 2017 Avice et al., , 2018 Bekaert et al., 2018) .
We first used the power law suggested by Bekaert et al. (2018) to calculate the xenon isotopic ratios of the atmosphere through time.
Then, a Monte Carlo simulation is performed, consisting of first choosing a value for each isotopic ratio ( 128-131-132-134-136 Xe/ 130 Xe) in a μ ± 1σ space, where μ is the corrected data and σ the uncertainty (Table S-1).
The minimum ratios in the mantle before xenon recycling are calculated considering a mixing line passing through the present-day atmosphere and the corrected data. The minimum fissiogenic ratios 131-132-134-136 Xe/ 130 Xe are obtained by the intersection of this mixing line with the line of Phase Q (chondritic) for the 128 Xe/ 130 Xe ratio assuming the initial mantle was chondritic as suggested by the new data ( Fig. 3 and Fig. S-7 ).
For deriving the maximum possible ratios in the mantle before xenon recycling, we also considered mixing lines passing through the corrected data and each previous atmospheric composition. As can be seen in Figure 3 and Figure S -7, if a very ancient air composition is taken (at 3.5 Gyr ago for example), the slope of the mixing line is negative, meaning that the initial 128 Xe/ 130 Xe ratio of the mantle would have been lower than the present-day value, which is not possible. So to calculate the maximum ratios, we considered the first possible mixing line with a positive slope and then the maximum ratios are obtained by the intersection of this mixing line with the line of Phase Q for the 128 Xe/ 130 Xe ratio ( Fig. 3 and Fig. S-7) . Hence, this calculation allows to constrain the limit on the weighted average age of atmosphere recycling, that is the earlier time where recycling of xenon started to be efficient. We excluded mixing lines with too small slope (< 0.001) giving unrealistically high 131-132-134-136 Xe/ 130 Xe, but this does not influence the earlier time where effective recycling could have started. We also exclude realizations for which the fissiogenic xenon ratios ( 131-134-136 Xe/ 132 Xe) do not fall into the triangle defined by Phase Q, pure xenon from fission of 244 Pu and pure xenon from 238 U (Fig. S-9) . A total of 10 5 realizations were performed, which appear to be more than sufficient to get reproducible results. If only recycling of present-day air occurred, then the minimum 131-132-134-136 Xe/ 130 Xe ratios would be 5.6 ± 0.2, 8.0 ± 0.5, 4.0 ± 0.5 and 3.9 ± 0.6 (1σ) respectively. The maximum air-corrected mantle 131-132-134-136 Xe/ 130 Xe ratios are determined to be 10.8 ± 1.5, 22.8 ± 4.3, 19.4 ± 4.5 and 21.9 ± 5.2 (1σ), respectively (Fig. S-5 and S-6) for a recycling of air at 2.8 ± 0.3 (1σ) Gyr ago ( Fig. 3 and Fig. S-7) .
We note that the use of a power law can be debated. Indeed, if the evolution of the atmospheric xenon isotopic composition is due to xenon loss (Hébrard and Marty, 2014; Avice et al., 2018; Zahnle et al., 2019) , similar to a Rayleigh distillation process, then an exponential law could be more appropriate. Hence, we also performed all the above calculations with the exponential law fitting U-Xe suggested by Bekaert et al. (2018) . We found similar results, the maximum 131-132-134-136 Xe/ 130 Xe ratios being found are 10.7 ± 1.5, 22.6 ± 4.5, 19.1 ± 4.7 and 21.7 ± 5.5 (1σ) and the time for the start of volatile recycling efficiency is 3.2 ± 0.3 (1σ) Gyr ago. Table S-1 Xenon isotopic composition of popping rock 2πD43 analysed via the new protocol to accumulate non-contaminated, mantle xenon. For comparison, the air composition (Basford et al., 1973) (used for the air standard) is indicated, as well as compositions for phase Q (Busemann et al., 2000) , the solar wind (Meshik et al., 2014) and U-Xe (Pepin, 2000) . Errors are 1 sigma uncertainties. (Nier, 1950; Basford et al., 1973; Sano et al., 2013) (used for the air standard) is indicated, as well as compositions for phase Q (Busemann et al., 2000) and the solar wind (Meshik et al., 2014 Ne ratio for the popping rock 2πD43 (Moreira et al., 1998) . The orange star is the upper mantle composition (Moreira et al., 1998) . The pink areas show the 20 Ne/ 22 Ne range (11.8-12.5) for which Ar, Kr and Xe from crush steps were trapped. If the 20 Ne/ 22 Ne ratio of one crush step was lower than 11.8, Ar, Kr and Xe were pumped (see text). This 20 Ne/ 22 Ne range allows keeping only non-contaminated xenon but not for argon given the inverse hyperbola curvature. The green bars correspond to the measured 129 Xe/ 130 Xe and 40 Ar/ 36 Ar ratios for the accumulated gas from the popping rock 2πD43 (Tables S-1 and S-2). Parai et al., 2012; Tucker et al., 2012; Parai and Mukhopadhyay, 2015) , OIBs (Poreda and Farley, 1992; Trieloff et al., 2000; Mukhopadhyay, 2012) , CO2 well gases and thermal springs (Caffee et al., 1999; Holland and Ballentine, 2006; Holland et al., 2009; Caracausi et al., 2016; Moreira et al., 2018) are in grey. Previous data for the popping rock 2πD43 are in open diamonds (Moreira et al., 1998) . The measured data with the new protocol is indicated with the blue circle and the corrected data with the orange circle. The new data fall on the same mixing line as previous data. Air (black square). (Busemann et al., 2000) ., the solar wind (Meshik et al., 2014) and AVCC for Average Carbonaceous chondrites (Pepin, 2003) .
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Figure S-4
Excess of fissiogenic xenon in sample 2πD43 to present-day air. The orange dot is obtained from the popping rock data corrected for atmospheric contamination (see method in Moreira, 2013) . The fissiogenic xenon in the 2πD43 source shows more Pu-derived xenon contribution than uranium-derived xenon, contrary to other MORBs data (Tucker et al., 2012; Parai and Mukhopadhyay, 2015) . Figure S-7 Determination of the mantle xenon isotopic ratios before recycling. The evolution of the xenon atmospheric composition is represented with the blue dots and blue dotted lines with the numbers indicating the time in Gyr (a power law was considered (Bekaert et al., 2018) 131-132-134-136 Xe/ 130 Xe ratios are obtained. Phase Q (Busemann et al., 2000) . Figure S-9 Heavy xenon fissiogenic isotopes plot. The calculated maximum 131-132-134-136 Xe/ 130 Xe ratios of all the realizations fall in the grey areas. Only calculated maximum 131-132-134-136 Xe/ 130 Xe ratios that fall into the blue triangles, defined by Phase Q (Busemann et al., 2000) , pure xenon from fission of 244 Pu and pure xenon from fission of 238 U, are considered.
